Defective interfering (DI) particles of Sindbis virus were generated during serial, undiluted passage of a cloned virus stock in both chick embryo fibroblast (CEF) cells and Aedes albopictus mosquito cells. DI particle-containing stocks were identified by their ability to interfere with standard virus replication and to synthesize small DI RNA species in the cell type in which they were generated. DI RNA species generated during serial passage in CEF cells were able to replicate in both vertebrate and A. albopictus cells. Some of the DI RNA species generated during serial passage in A. albopictus cells replicated efficiently in both cell types while others, sometimes present in the same DI particle stock, failed to replicate in cells of vertebrate origin. These results suggest that evolution of DI RNA species during serial passage of Sindbis virus in mosquito cells may result in the loss or alteration of nucleotide sequences required for RNA synthesis in vertebrate cells.
INTRODUCTION
Like other alphaviruses, Sindbis virus is maintained in nature by mosquito-mediated transmission from infected to susceptible vertebrates. The virus replicates in both the vertebrate and invertebrate hosts. High titres of infectious virus are produced in vitro in cells derived from both vertebrates and mosquitoes.
Serial high multiplicity passage of alphaviruses such as Sindbis virus or Semliki Forest virus (SFV) in vertebrate or mosquito cell lines leads to a reduction in the titre of infectious virus and the concomitant appearance of defective interfering (DI) virus particles. Such DI particles contain only part of the virus genome and interfere with the replication of standard virus, apparently by competing with standard virus RNA for replicases (for review, see Stollar, 1979) . DI particles have also been generated during persistent Sindbis virus infection of mosquito cells (Eaton, 1977) .
DI particles of alphaviruses generated by serial high multiplicity passage in vertebrate cells have been reported to neither relblicate nor interfere with standard virus replication in Aedes albopictus mosquito cells (Eaton, 1975; Igarashi & Stollar, 1976) . It is not.clear, however, whether all DI RNAs of alphaviruses generated in vertebrate cells are inert in mosquito cells.
DI particles of alphaviruses generated in A. albopictus cells, either during persistent infection or by serial passage, have, with one exception, replicated and interfered in both mosquito and vertebrate cells (Eaton, 1977; Logan, 1979) . The exception to this was a DI particle stock of Sindbis virus which had been generated by serial passage in A. albopictus cells and which failed to interfere with standard virus replication in chick embryo fibroblast (CEF) cells (King et al., 1979) . It was not determined, however, whether these DI particles were able to replicate (but not interfere) in the vertebrate cells. As a result, it is not yet clear whether all alphavirus DI RNA species generated in mosquito cells are able to replicate in both vertebrate and mosquito cells.
As outlined in this paper, we have serially passed a cloned stock of Sindbis virus in vertebrate and mosquito cells and determined whether the DI particles thus generated are able to replicate I" Present address: C.S.I.R.O., Australian National Animal Health Laboratory, P.O. Bag 24, Geelong, 3220, Victoria, Australia.
0022-1317/84/0000-5818 $02.00© 1984 SGM and interfere in both cell types. The results indicate that the DI particles generated by serial passage in vertebrate cells, unlike those previously described, are able to replicate in both vertebrate and mosquito cells. In addition, DI particles generated by serial passage in mosquito cells are shown to be heterogeneous with respect to their ability to replicate in cells of vertebrate origin. These and previous results (Eaton, 1975; Igarashi & Stollar, 1976) suggest that evolution of DI RNA species during serial passage in one cell type may lead to the loss or alteration of nucleotide sequences which may be required for RNA synthesis in the other cell type.
METHODS
Virus and cells. Sindbis virus (strain AR339) was plaque-purified three times in CEF cells and virus stocks prepared by infection of either CEF or BHK cells at a multiplicity of infection (m.o.i.) of 0.1 p.f.u./cell. CEF cells were grown in Eagle's minimal essential medium (MEM) supplemented with 10~ foetal calf serum (FCS), 29 mM-HEPES and 50 gg/ml gentamicin. BHK cells (ATCC CCL10) were grown in MEM containing 10~o FCS, 10~ tryptose phosphate broth and either 50 gg/ml gentamicin or a mixture of 200 U/ml penicillin G and 200 gg/ml streptomycin. Two A. albopietus (mosquito) cell lines were used. An uncloned line (AA cells) and a cloned line (AAC19 cells) were grown in AI medium as described by Eaton (1982) . AACI9 cells showed a cytopathic effect (c.p.e.) following infection with Sindbis virus. The uncloned AA cells were c.p.e.-negative.
To generate DI particles, aliquots of stock Sindbis virus were subjected to serial undiluted passage in CEE, AA and AAC19 cells. One high multiplicity passage series was generated in CEF cells and designated SVcA. Four high multiplicity passage series were generated in each of AA and AAC 19 cells. These were designated SVAA to D and SVAE to H respectively. Virus was titrated in CEF, BHK or AAC19 cells as described previously (Eaton, 1982) . Labelling ofvirion RNA. Monolayers of BHK and AACI9 cells in 150 cm 2 tissue culture flasks were infected with either standard Sindbis virus or a DI particle-containing stock at a m.o.i, of approx. 5 p.f.u./cell as described above. Infected BHK and AAC19 cells were incubated in MEM containing 29 mM-HEPES and 30 to 60 gCi/ml [3H]uridine at 9 h and 24 h post-infection respectively. Media containing labelled virus were obtained from infected BHK and AACI9 cells at 24 h and 36 h post-infection respectively. Cell debris was removed by centrifugation and the supernatants were layered over 13 ml linear gradients of 5 to 50~ potassium tartrate in TNE (10 mM-Tris-HC1 pH 7.2, 50 mM-NaC1, 1 mM-EDTA) and spun in a SW28.1 rotor at 25000 rev/min for 4 h. The visible virus bands were removed, diluted with TNE and the virus pelleted in a SW41 rotor at 35 000 rev/min for 3 h. The virus pellets were resuspended in TNE and virion RNA was extracted with phenol as described above.
Analysis of viral RNA. RNA was resuspended in 50~ dimethyl sulphoxide (DMSO), I M-glyoxal, 10 mMNa:HPO4, 5 ~ glycerol and analysed by electrophoresis in 0-8 ~o horizontal agarose gels as described by McMaster & Carmichael (1977) . Fluorographic procedures used En3Hance (New England Nuclear). Molecular weight markers were Sindbis 42S and 26S intracellular viral RNAs (approx. 4.4 x 106 and 1.6 x 106 respectively) and BHK 28S and 18S ribosomal RNA species (approx. 1.8 × 106 and 0.7 x 106 respectively).
Interference assays. Monolayers of BHK or AAC 19 cells in 25 cm 2 tissue culture flasks were infected with either 50 p.f.u./cell of Sindbis virus or a mixture of DI particle stock plus enough standard Sindbis virus to give a total m.o.i, of 50 p.f.u./cell. Following adsorption and removal of the inoculum, the BHK and AAC19 cells were incubated for 24 h at 35 °C and 48 h at 28 °C respectively. Culture supernatants were frozen at -70 °C until the virus was assayed on CEF ceils at 35 °C. The interfering properties of DI particle-containing stocks were estimated as the percent reduction in virus yields from cells infected with standard virus and DI particles compared to that from cells infected with standard virus alone.
RESULTS

Vertebrate cell-derived DI particles of Sindbis virus
Plaque-purified Sindbis virus was serially passed 15 times in CEF cell monolayers and the titre of released virus generated at each passage was assayed in CEF cells that there was a drop in virus titre from 2.0 x 108 p.f.u./ml at pass 7 (SVcA7) to 5.0 x 106 p.f.u./ ml at pass 8 (SVcA8). The titre rose to 1.0 × l0 T p.f.u./ml at pass 10 and remained at approximately that level up to pass 15 (SVcA15).
In preliminary experiments we examined the species of viral R N A synthesized in C E F cells infected with each of the SVc passes. Results indicated that, in addition to the 42S and 26S R N A species synthesized by standard virus, a DI R N A appeared abruptly at pass 8 and was maintained through pass 15. At pass 11, two additional R N A species appeared and they also remained through pass 15 (see Fig. 1 ). We determined whether the DI R N A species present in passes SVcA9 and SVcA15 were capable of replicating in both vertebrate and mosquito cells. Monolayers of BHK and AAC19 cells were infected with standard Sindbis virus, SVcA9 or SVcA15 and viral R N A in infected cells was labelled with [3H]uridine. Following extraction from infected cells, viral R N A was denatured in 1 M-glyoxal and 5 0~ DMSO and analysed by electrophoresis in 0-8 ~ agarose gels. Fluorographic analysis of a representative gel is shown in Fig. 1 . The results indicate that SVcA9 generated a major DI R N A species (mol. wt. approx. 0.8 × 106) in both mosquito and BHK cells. Cells infected with SVcA15 showed, in addition to this DI R N A species, several larger species with estimated molecular weights of 1.0 × 106 and 1.2 × 106. These also replicated in both vertebrate and mosquito cells. The three DI R N A species also replicated in CEF cells (data not shown). The ability of DI particles in SVcA15 to replicate and encapsidate their RNA in mosquito cells is in contrast to the previous reports (Eaton, 1975; Igarashi & Stollar, 1976) which indicated that the RNA of vertebrate cell-derived DI particles of Sindbis virus or SFV was inert in A. albopictus cells.
Mosquito cell-derived DI particles of Sindbis virus
Plaque-purified Sindbis virus was serially passed in mosquito cells as follows. Four passage series were initiated in both AA cells (SVAA to D) and AAC19 cells (SVAE to H). The titre of released virus after each passage was monitored and results indicated that titres which were initially above 101° p.f.u./ml in pass 1 dropped by approx. 2 log10 units after 3 to 8 passes. To confirm that the observed decrease in virus titre with serial undiluted passage was due to the presence of DI particles of Sindbis virus, we examined the species of viral RNA synthesized in AAC19 cells infected with pass 11 from five of the passage series. At the same time an experiment was done to determine whether the RNA of these mosquito cell-derived DI particles replicated in BHK cells.
Monolayers of BHK and AAC19 cells were infected with standard Sindbis virus, SVAC11, SVADll, SVAEll, SVAFll or SVAHll. Viral RNA in infected cells was labelled with [3H]uridine, extracted from infected cells, denatured with 1 M-glyoxal and 50~ DMSO and analysed by electrophoresis in 0.8 ~ agarose gels. The results in Fig. 3 illustrate several points. (i) All the mosquito cell-derived DI particle stocks generated, in mosquito cells, a variety of DI RNA species whose molecular weights varied from 0-8 × 10 6 to 2"8 X 10 6. Most of the DI RNA species were in the 0.8 × 106 to 1.3 × 106 size range. (ii) The major DI RNA species (tool. wt. approx. 0.95 × 10 6) generated by SVAD11, SVAF1 t and SVAH11 replicates in both vertebrate and mosquito cells. This is also true for the DI RNA of the same size in SVAA13 (see Fig. 5 ). RNA species generated by SVAB11 resembled those found in SVAD11-infected cells (data not shown). (iii) The major DI RNA species in SVAC11 and SVAE11 migrate faster than 26S RNA and are able to replicate efficiently in mosquito cells but poorly, if at all, in BHK cells. This is also true of the major DI RNA species in SVAG7 (see Fig. 4 ). (iv) The DI RNA species in some DI particle stocks are heterogeneous with respect to their ability to replicate in BHK cells. For example, SVACll synthesized a large (2.8 × 10 6) DI RNA species in both vertebrate and mosquito cells whereas smaller DI RNA species in the same stock failed to replicate in BHK cells. The more efficient replication of the 2.8 × 106 DI RNA species in BHK compared with AACI9 cells may be due to a lack of interference mediated by the smaller DI RNA species in BHK cells. A further example of heterogeneity within the DI RNA species generated in a single passage series can be seen in SVAH11 which synthesized at least four major DI RNA species in mosquito cells but only two of these (2.8 × 106 and 0.95 × 106 species) appeared to be able to replicate efficiently in BHK cells.
An experiment was done to determine whether the RNA species synthesized in BHK cells by some of the mosquito cell-derived DI particles were encapsidated and released from the vertebrate cells. We examined intracellular viral RNA synthesized in cells by SVAA7, SVAA 13, SVAG7 and SVAG13 and RNA in virus particles released from SVAA7-, SVAA13-and SVAGI 3-infected cells. Duplicate monolayer cultures of BHK and AAC 19 cells were infected with these virus stocks and one of the cultures was used to label and isolate [3H]uridine-labelled intracellular viral RNA. The other culture was used to prepare [3H]uridine.labelled extracellular virus. Labelled viral RNA from both sources was treated with glyoxal and analysed by agarose gel electrophoresis and fluorography. The results for SVAG7 and SVAG13 are shown in Fig. 4 and those for SVAA7 and SVAA13 in Fig. 5 .
Up to five DI RNA species were synthesized in SVgG7-infected mosquito cells but only the largest one (mol. wt. approx. 2.8 × 10 6) could replicate in both BHK and mosquito cells (Fig. 4) . The smaller DI RNA species in both SVAG7 and SVAG13 (mol. wt. 0.95 × 106, 1.2 x 106 and 1.3 × 106) replicated efficiently in mosquito cells only. Examination of the RNA in virus particles released from SVAG 13-infected cells showed at least two DI RNA species in addition to the standard virion 42S RNA. The smallest form (mol. wt. 0.95 x 10 6) co-migrated with the major intracellular DI RNA. A second DI RNA (mol. wt. 1.4 × l06) has no obvious counterpart Second, a small DI RNA (mol. wt. 1.4 x 106) appears in purified virus but is not detectable in infected cells.
Comparison of the species of viral RNA in BHK and AAC 19 cells infected with SVAA7 and SVAA13 indicates that a new, smaller DI RNA appears in the later passage and is the major RNA in SVAA13-infected cells. This species (mol. wt. 0.95 x 106) replicates in both vertebrate and mosquito cells and is encapsidated in both cell types. The larger DI RNA (mol. wt. 2-8 x 106) replicates in both cell types but, as is the case with an RNA of the same size in SVAA7 and SVAG7 (Fig. 4) , it appears to be inefficiently encapsidated in both cell types. As indicated above for the viral RNA of SVAA7, two other DI RNA species are present in the purified SVAA13 virus particles. One co-migrates with 26S RNA and the other (mol. wt. 1-4 x 106) has no apparent counterpart in infected cells.
Interference tests
Selected DI particle-containing stocks generated in CEF and A. albopictus cells were examined for their ability to interfere with standard virus replication in both vertebrate and mosquito cells. Monolayers of BHK and AAC 19 cells were infected at a multiplicity of 50 p.f.u./ cell with either Sindbis virus alone or a mixture of Sindbus virus and SVcA9, SVcA15, SVAA7, SVAA13, SVAG7 or SVAG13. The titre of released virus was assayed in CEF cells and the results are given in Table 1 . SVcA9 and SVcA15 interfered efficiently in BHK cells. In contrast, SVcA15 interfered only slightly and SVcA9 not at all, in mosquito cells. The results in Fig. 1 showed, however, that the DI RNA species in SVcA9 was able to replicate in mosquito cells.
SVAA7 and SVAA13 interfered with equal efficiency in both BHK and mosquito cells with the later passage showing an increased ability to interfere in both cell types. SVAG7 interfered with approximately the same efficiency in vertebrate and mosquito cells but SVAG13 showed an increased capacity to interfere in A. albopictus cells.
DISCUSSION
Previous work has shown that vertebrate cell-derived DI particles fail to replicate in mosquito ceils (Eaton, 1975; Igarashi & Stollar, 1976) . In addition, King et al. (1979) reported that DI particles of Sindbis virus generated in CEF ceils failed to interfere in mosquito cells. No attempt was made, however, in the latter study to rule out the possibility that the DI RNA species generated in CEF cells could replicate, but not interfere, in mosquito cells. The data for SVcA9 ( Fig. 1 and Table 1) show that this DI particle stock replicates but fails to interfere in mosquito cells. The vertebrate cell-derived DI RNA species generated in this study differ from those examined previously in that they replicate in both vertebrate and mosquito cells.
Mosquito cell-derived DI particles reported to date have, with one exception, replicated and interfered in both mosquito and vertebrate cells (Eaton, 1975; Igarashi & Stollar, 1976) . The results in Fig. 5 and Table 1 show that several of the mosquito cell-derived DI particle stocks generated in this study, e.g. SVAG 13, may replicate but fail to interfere efficiently in BHK cells.
In the present study, some of the DI RNA species generated in mosquito cells were able to replicate in the heterologous cell type while others were not (Fig. 3) . In most instances, the DI RNA species present in a mosquito cell-derived DI particle stock were heterogeneous in their ability to replicate in vertebrate cells.
The results presented here and those of Eaton (1975) and Igarashi & Stollar (1976) indicate that during serial high multiplicity passage in vertebrate cells, Sindbis virus or SFV DI RNA species can retain or lose the ability to replicate in mosquito ceils. In addition, we have shown that DI RNA species generated in mosquito cell may also be heterogeneous in their ability to replicate in vertebrate cells.
The replicative potential of a DI particle RNA is probably independent of the adsorption and uncoating of the virus, since the RNA is contained in a particle whose proteins are coded for exclusively by the standard virus genome and standard virus replication is not host-restricted. DI RNA species generated during serial high multiplicity passage are required to maintain the nucleic acid sequences needed for the binding of replicase components to ensure RNA replication and capsid protein to initiate encapsidation. The results presented here indicate that DI RNAs within a particular stock can be heterogeneous with respect to replicative potential in vertebrate and mosquito cells. It seem likely, therefore, that such heterogeneity is due to differences in the nucleotide sequence of the DI RNA species. The fact that it is possible to generate DI RNA species that replicate in vertebrate cells only, in mosquito cells only or in both cell types suggests that different sequences may be required for RNA replication in each cell type. Accumulating evidence suggests that mosquito and vertebrate cells contain factors which may constitute part of the alphavirus replicase complex. C.p.e.-positive and c.p.e.-negative clones of A. albopictus cells may differ in their ability to provide a cellular component of the minus-strand replicase (Tooker & Kennedy, 1981) . Baric et al. (1983a, b) have shown that a cell component (most likely protein) is required for minus-strand RNA synthesis in Sindbis virusinfected vertebrate cells. If such cell-specific components of the minus-strand polymerase are different in vertebrate and mosquito cells and interact with different sequences in the viral RNA then evolution of DI RNA species in one cell type may result in the loss or alteration of sequences required for binding the host cell factor in the heterologous cell. Sequence analysis of host-restricted and unrestricted alphavirus DI RNA species, especially the 3' and 5' termini, may be useful in elucidating the nature of the replicase binding site in mosquito and vertebrate cells.
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